Abstract Cerebral cavernous malformations (CCM) are characterized by abnormal dilated intracranial capillaries that predispose to hemorrhage. The development of some CCMs in humans has been attributed to mutations in the CCM1 genes. Currently, contradictory results have been generated regarding the vascular endothelial cell population changes in Ccm1 deficiency in zebrafish. We hypothesize that the inconsistent results simply reflect the spatial and temporal difference for the observed vascular endothelial cells during zebrafish embryonic development. Using high resolution images in vivo, we demonstrated that the loss of Ccm1 in zebrafish embryos leads to marked increases in apoptosis in vascular endothelium at the end stage of microvascular angiogenesis. In vivo zebrafish studies were further substantiated by in vitro findings in human endothelial cells that elucidated the biochemical pathways of CCM1 deficiency. We found that that loss of CCM1 in vitro promotes apoptosis through decreased activation of the integrin-linked kinase survival signaling pathway. In summary, Ccm1 has been identified as a key modulator in maintaining microvascular integrity during zebrafish embryonic angiogenesis.
Introduction
Cerebral cavernous malformations (CCMs) are vascular lesions characterized by distended intracranial capillaries with a thin layer of vascular endothelial cells. This vasculature lacks supportive parenchyma, compromising vascular integrity and thus potentially causing hemorrhage and stroke. Loss-of-function mutation in one of three CCM genes: KRIT1 (CCM1), MGC4607 (CCM2), and PDCD10 (CCM3) results in the pathogenesis of CCM. On the molecular level, CCM1 interacts with integrin cytoplasmic domain associated protein-1-alpha (ICAP1α), suggesting a role in β1 integrin-mediated signaling [1] [2] [3] .
Our prior in vitro observation documented a decrease in the VEC population upon depletion of CCM1 [3] . The phenomenon could be explained by decreased cell proliferation, increased apoptosis, or a combination of both [3] ; we already reported the negative effects on cell proliferation upon depletion of CCM1 [3] , in this experiment we also found an increased apoptosis in the endothelial cells upon depletion of CCM1 in vitro. However, whether the Ccm1 deficiency in vivo would result in the number changes of vascular endothelial cell in animal model still remains controversial. In the first Ccm1 zebrafish study, no cell number change in both cardiomyocyte and endothelial cells was found in the enlarged heart, a major phenotype in Ccm1 zebrafish, which lead to the conclusion that Ccm1 regulates the concentric growth of myocardium without changing the fate of cardiomyocyte or endothelial cells. Two recent studies in zebrafish embryos found that Ccm1 mutations cause the dilation of major vessels (especially primitive veins) and the progressive thinning of endothelial cells lining these primitive vessels [4, 5] . While one of these studies reported significantly increased endothelial cells in the primitive vessels of Ccm1 mutants [5] , the other emphasized that the endothelial cell number or contacts in these primitive vessels were unchanged [4] . Nevertheless, both studies agreed that Ccm1 proteins regulate the genesis of vascular endothelial cells, particularly vascular tubular formation during vasculogenesis, further supporting the perturbed vasculogenesis hypothesis found in mouse models [4] [5] [6] .
To understand the apparent discrepancy among these in vitro and in vivo observations, we posit that the difference simply reflects the fact that these in vivo observations were performed at different anatomical regions during different embryonic developmental stages (such as cardiogenesis, vasculogenesis, and angiogenesis). By studying the vasculature during angiogenesis in Ccm1 zebrafish in vivo and cultured endothelial cells in vitro, we examined angiogenic property and vascular integrity during angiogenesis in Ccm1 zebrafish embryonic vasculature and cellular signaling in human endothelium upon depletion of CCM1. Our results demonstrate the concordant angiogenic effect by Ccm1 in both in vitro and in vivo models and the molecular mechanisms by which CCM1 deficiency leads to increased apoptosis during microvascular development in endothelium.
Materials and Methods
Zebrafish Care, Manipulation, and Imaging Acquisition and maintenance of zebrafish lines used in this experiment and generation of a double transgenic line by crossing a Ccm1 mutant strain (KRIT1 ty219c/+(AB) ) with a Tg (fli1:EGFP) y1/+(AB) strain have been carried out in our lab. Antisense oligonucleotide morpholinos (MOs) to Ccm1 gene (MO1 and MO2, GeneTools) and injection procedure were previously described [7] . Fluorescent images were acquired with a Nikon 90i microscopy with a Coolsnap ES CCD camera (Roper Scientific) and processed with Metamorph 6.3 (MDS, Inc.).
Endogenous Alkaline Phosphatase Staining
Embryos were fixed with 4% paraformaldehyde in PBST for 30 min at room temperature and permeabilized by incubation with acetone for 30 min at −20°C. After 2 × 5 min wash with PBST, embryos were washed with NTMT buffer (50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween-20, 100 mM Tris pH9.5), 3 × 5 min at room temperature. NBT (2.25 uL of 75 mg/ml stock solution in 70% dimethylformamide) and BCIP (1.75 uL of 50 mg/ml stock solution in dimethylformamide) were then added to each milliliter of NTMT to initiate staining. After 15-30 min, embryos were washed three times in PBST and stored in 87% glycerol for microscopy examination.
Whole-Mount Immunofluorescent Staining of Zebrafish and TUNEL Assay
In immunostaining, fixed zebrafish embryos were permeabilized, blocked, and incubated with primary antibodies overnight at 4°C. Embryos were then washed and incubated with Alexa fluor 488 or 563 conjugated secondary antibodies for 1 h, followed by washing, mounting, and imaging. In TUNEL assay, fixed and permeabilized zebrafish embryos were labeled using the In Situ Cell Death Detection Kit, POD (Roche, Penzberg, Germany).
Morpholino Analysis
Antisense oligonucleotide morpholinos (MOs) to Ccm1 gene (MO1 and MO2, GeneTools) were diluted in 1× Danieau's buffer to 0.5 mM concentration as previously described [7] . The injection of MO solution (0.1, 0.2, 0.5, 1, and 2 nL volume) or control buffer was performed on fertilized eggs at one-cell stage from Tg (fli:EGFP) zebrafish under AB wildtype background. After injection, the embryos were allowed to develop to designated stage at 28.5°C.
Endothelial Cell Culture, RNAi, and Apoptosis Assay Human CCM1 (KRIT1) and ICAP1α-specific siRNA oligos and control siRNA duplex SCRAMBLE II and Luciferase GL2 duplex were synthesized at DHARMACON as previously described [3] . HUVEC (10 5 ) cells cultured in EGM2 medium (Clonetics) were seeded in each well for siRNA treatment with Oligofectamine (Invitrogen), and the cell apoptosis assay was carried out using the colorimetric kit (Roche).
Antibodies and Immunocytochemistry and Western Blot
β-actin (C-2) and PARP (H250), pBad (ser136), Bad (C-7), pAKT1 (ser473, Thr308), AKT1 (B-1), pPDK1 (Ser241), PDK1 (C-20 or V-17) and ILK1 (C-19, Santa Cruz), pSerspecific antibodies (Poly-Z-PS1, Invitrogen), Caspase 3 (8G10), Caspase 7, and pBad (ser112, ser155, Cell Signaling Technology) primary antibodies for HUVEC cells, Tie-2 (176222, R&D System), and active caspase-3 primary antibodies (C92-605, Pharmingen) for zebrafish were purchased. Protein concentrations of the RNAi treatment lysates were measured with RC DC protein assay (Bio-Rad). Equal amounts of protein for each treatment were then subsequently loaded on SDS-PAGE. Proteins were detected with designated antibodies followed by chemiluminescence (GE).
Statistical Testing
For multiple comparisons, one-way analysis of variance (ANOVA) was used to detect the differences in the mean values among the treatment groups. Pairwise comparison (t test) was used to test the difference between each treatment.
Results

1.
Decrease in VEC population due to Ccm1 knockout.
Overt signs of decreased VEC GFP fluorescence in Ccm1/ Tg (fli1: EGFP) zebrafish were found during our observation of zebrafish embryonic development. In examination of Ccm1 mutant (san) zebrafish with additional two VEC specific stainings, the significant decreases in VEC signal were still present, indicating that the VEC population indeed declines at the end of angiogenesis (Fig. 1 ). The decrease in the VEC population within angiogenic vessels could be explained by the established fact that cord-like primary and secondary angiogenic vessels, which have not accomplished angiogenic events, will regress after circulation is initiated [8] .
To determine whether a loss of Ccm1 function can impact microvascular integrity by promoting apoptosis, we next examined the apoptotic events of VECs in san and wild-type embryos with TUNEL assays under a Tg (fli1: EGFP) background. From developmental stage 48-72 hpf, a period during which angiogenesis fails in san embryos, TUNEL assays show a larger increase in VEC apoptosis in san embryos than in wild-type. The fluorescent signals in these assays colocalize with the microvasculatures of ISV, CV, DLAV, small vessels in the brain, and lens of the eyes (Fig. 2) . No differences in TUNEL assays of wild-type and san zebrafish were found at 24 hpf prior to angiogenesis (data not shown). In agreement with the increased apoptosis seen in the TUNEL assays, there was a substantial increase in VEC apoptotic fragments observed in the subsequent immunostaining of cleaved active caspase 3 from san zebrafish at developmental stage 48-72 hpf (Fig. 3 ).
2. Decrease in VEC population due to Ccm1 knockdown.
To validate the above observations in san zebrafish, we next performed TUNEL assay on Ccm1 MO zebrafish. As before, no difference in the quantity of apoptotic events in primitive and primary angiogenic vessels was observed at 24 hpf (data not shown). In subsequent TUNEL assays and Caspase-3 active fragment stainings at developmental stage 48-72 hpf, Ccm1 MO treatment showed enhanced apoptosis in the VECs compared with control MO treatment (Figs. 4 and 5) . These experiments confirm a significant increase in VEC apoptosis with MO knockdown of Ccm1 protein during the embryonic stages when secondary angiogenesis are occurring.
As reported previously, sufficient doses of Ccm1 MO treatment induce changes in vasculature similar to those observed in san zebrafish [7] . These vascular changes were present at stage 48 hpf, which is temporally concordant with the increase in apoptosis. This temporal concordance supports a relationship between VEC apoptosis, failed angiogenesis, and loss of Ccm1 function.
Silencing of CCM1 enhances VEC apoptosis in vitro.
The in vivo data presented above provides evidence that failure of angiogenesis due to Ccm1 deficiency leads to increased apoptosis. To corroborate this evidence, the effect of CCM1 RNAi on VEC programmed cell death was further explored in vitro. These experiments showed significant increases of apoptosis among CCM1 siRNA-treated HUVEC cells compared with controls (Fig. 6a) . This demonstrates that silencing of CCM1 significantly enhances human vascular endothelial cell apoptosis. After documenting the presence of increased apoptosis in VEC, the focus of our research shifted to understanding the molecular mechanisms underlying the VEC regression. In this investigation, another role for CCM1 in the microvascular development was uncovered: the promotion of VEC survival in blood vessels during angiogenesis.
Integrin-linked kinase (ILK) is not only an effector of β1 integrin, but also a major regulator of cell survival signaling via the AKT1-BAD pathway. The phosphorylation status of ILK was examined in order to ascertain any effect of CCM1 deficiency on this apoptosis-suppressing pathway. We found that the serine phosphorylation level of ILK was diminished upon the depletion of CCM1 and its cellular effector, ICAP1α, compared to Luciferase siRNA controls in HUVECs (Fig. 6b) . This diminished phosphorylation implies that the depletion of CCM1 causes a sharp decrease in ILK kinase activity.
We next explored whether depletion of CCM1 and ICAP1α has significant negative impact on the AKT1-BAD cascade in HUVECs (Fig. 6b) . In our experiments, significant drops in phosphorylation of AKT1 at Ser473 (the ILK-specific site) were detected upon silencing of CCM1 and ICAP1α compared to Luciferase siRNA and Mock controls. In contrast, no differences in phosphorylation at Thr308 existed among any of the treatments (data not shown). Next, we examined an AKT1 downstream target and found significantly decreased phosphorylation of pBAD at Ser136 (the AKT1 specific site) upon the depletion of CCM1 and ICAP1α compared to controls. At the same time, the phosphorylation status of Ser155 (phosphorylated by PKA and RSK) and Ser112 not shown). Finally, by screening the end products of the survival pathway, we found a larger number of PARP degradation fragments upon depletion of CCM1 and ICAP1α compared to Mock and Luciferase siRNA controls. This result indicates that caspase 3 might be involved in this apoptotic process [9] . However, when we screened procaspase 3 and its parallel partner procaspase 7, we found surprisingly that, in addition to a noticeable decreased procaspase 3, procaspase 7 decreased dramatically upon depletion of CCM1 and ICAP1α (Fig. 6b) . These findings indicate that caspase 7 mediated apoptotic cascade plays a major role in loss of CCM1 and its cellular effector, ICAP1α, induced VEC apoptosis.
Given the results of these in vitro studies, we conclude that CCM1 plays a pivotal role in ILK-mediated cell survival signal pathways via its effect on integrin-mediated ILK activation. Silencing of CCM1 and ICAP1α inhibits ILK activity and consequently inactivates downstream signaling kinases AKT1 and BAD. cleavages) and cleavage of PARP, which leads to increased VEC apoptosis.
Discussion
Using both in vivo animal models and in vitro human VEC cell lines, we have demonstrated that defective embryonic angiogenesis helps to precipitate the regression of ISVs due to disruption of a CCM1-mediated ILK survival signal pathway in the VECs. This study has established a paradigm that links CCM1 molecular function to VEC morphogenesis and integrity during microvascular angiogenesis. Our studies have further elucidated the role of Ccm1 in zebrafish embryonic development. Prior research reported an unchanged or increased VEC population in Ccm deficiency [4, 5, 7] . In contrast, our studies found a decrease in VECs, specifically in microvasculature during late stage of angiogenesis, resulted from increased apoptosis as part of the process of microvascular failure in Ccm1 deficiency in zebrafish embryos. With in vitro human VEC studies, we showed that CCM1 deficiency induces VEC apoptosis through β1 integrinmediated signaling mechanism. CCM1 mediates an AKT1-BAD survival pathway through ILK-mediated signaling, and disruption of this pathway by CCM1 deficiency increases VEC apoptosis, thereby reducing the VEC population.
Blood vessel integrity is essential for vascular homeostasis during embryogenesis. Most of the components that determine vascular integrity have been conserved among vertebrates. For this reason, understanding the molecular mechanism controlling angiogenesis and vascular regression in zebrafish could be invaluable in treating human diseases. A key component of this molecular mechanism in zebrafish is apoptosis [10, 11] . Apoptosis is essential for lumen formation, as apoptosis serves to remove redundant VECs. Vascular regression is a programmed process; endothelial cell apoptosis is required for this capillary regression [12] . The inhibition of apoptosis has been shown to block capillary lumen formation. Therefore, apoptosis of capillary VECs serves to open capillary lumens in microvascular morphogenesis [13] . The observation that zebrafish blood vessels carrying a high circulatory volume enlarge, whereas those with low or no flow regress [14] , further accentuates the importance of apoptosis during vascular lumen formation.
While apoptosis is required for embryonic vascular development, excessive apoptosis among VECs would lead to the destruction of microvessels. This phenomenon has been proven true in the disruption of several genes controlling endothelial cell survival and vascular integrity. For example, Birc2 (also known as cIap1) is a critical regulator of vascular integrity and endothelial cell survival. Birc2 inhibits a caspase-8-dependent apoptotic program that leads to vessel regression [5] . Neuropilin-1 (NRP-1) mediates VEC survival through the inactivation of p53. An in vitro study using HUVEC cells demonstrated that NRP-1 inhibits an Akt1-mediated caspase-3-dependent apoptotic program that leads to vessel regression [15] . Defective ISVs due to increased VEC apoptosis were observed in both loss of Birc2 and loss of NRP-1 mutant zebrafish embryos [15, 16] . Furthermore, the phenotype of defective ISVs was reported in several zebrafish lines that were knockouts of several upstream regulators of Akt1 [17] [18] [19] . Similar to NRP-1, our research found that krit1 inhibits an Akt1-BAD mediated, caspase 7-dependent apoptotic program. The Western blot demonstrates that depletion of CCM1 and ICAP1α leads to decreased serine phosphorylation of ILK compared to a luciferase siRNA-treated control. Depletion of CCM1 and ICAP1α also leads to decreased ILK-mediated phosphorylation of AKT1 at Ser473. Additionally, the downstream effects include decreased phosphorylation of BAD on Ser136, decreases in procaspase 7 and 3 (indicating cleavage and increased caspase activity), and increases in cleaved PARP (cPARP). These results are consistent with increased apoptosis and decreased cell survival
The intricate balance between vascular morphogenesis and regression is controlled by a dynamic gene regulation. For example, β1 integrin usually supports vascular morphogenesis; however, at least one in vitro experiment showed that activated β1 integrin inhibits capillary vacuoles and tube formation [20] . In san zebrafish, we found that β1 integrin signaling mediates a caspase-7-dependent apoptotic program that leads to vessel regression. Through this mechanism, an absence of CCM1 dramatically increases apoptosis in the angiogenic cord network after failed angiogenesis, leading to vessel regression. Thus, not only does CCM1 deficiency contribute to defective angiogenesis of ISVs, CCM1 deficiency also increases apoptosis in the ISVs.
All three CCM genes have been proven to interact with each other and form a CCM complex [21] [22] [23] [24] that interacts with other genes [25, 26] . CCM3 gene (PDCD10) has been indicated to associate with apoptotic events [27] . We have shown the anti-apoptotic property of CCM1 in this report, however, whether CCM genes involve in apoptotic events independently or they act coordinately within the CCM complex need to be further addressed.
